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Abstract— Electromagnetic absorbers for free space and cavity 
absorption are discussed. Classical configurations are described as well 
as more recent designs. The presented layouts are able to provide 
absorbing behaviors spanning from ultra-narrow band to ultra-
wideband. A comparison among various solutions is presented both in 
terms of achievable bandwidth and in terms of minimum theoretical 
thickness. The problem of cavity resonances is also addressed. It is 
shown that resonances can be damped by using alternative solutions 
rather than the classic use of lossy magnetic materials. 
Index Terms —Artificial Impedance Surface (AIS), Cavity resonances, 
Dallenbach layer, Electromagnetic Absorbers, Frequency Selective Surface 
(FSS), Jaumann screen, Metamaterials, Salisbury screen, Surface Wave 
Absorbers. 
I. INTRODUCTION 
Absorption reflection and transmission are the three 
fundamental properties of matter. The manner in which 
electromagnetic waves interact with an object depends upon 
the frequency of the radiation and the nature of the atoms of 
the object.  
Electromagnetic absorbers are engineered structures, 
designed to increase absorption of electromagnetic waves 
across some desired portion of the spectrum with respect to 
that naturally achieved.  
After some work in the thirties, the first strong development 
of this technology began with the World War II when 
Germany was interested into radar camouflage and United 
States wanted to improve performance of their radar by 
reducing interfering reflections from nearby objects [1]. 
German projects developed two kind of absorbing 
configurations: a semi flexible rubber sheet loaded with 
carbonyl iron powder and the Jauman absorber. On the other 
hand, the US project HARP (Halpern-anti-radar-paint) 
developed rubber sheets with resonant absorption behavior 
employing a high concentration of iron particles and the so-
called Salisbury screen absorber [2]. Interest in a practical 
version of such an arrangement spread rapidly due to its 
simplicity and scalability across frequency spectrum. The 
development of absorbing walls was also the input for the 
first anechoic chambers [1].  
Salisbury screen structure consists of a resistive sheet having 
a. resistance of 377 ohm/sq located a quarter-wavelength out 
from a reflecting surface. The Jaumann absorber can be 
conceptually considered an extension of the Salisbury screen 
since it consists of two or more resistive sheets separated by a 
distance of approximately λ /4, thus providing a broadband 
response. 
 
 
 
(a) (b) 
Fig. 1 – .(a) Layout of a general absorbing structure and its transmission line 
equivalent circuit (b). Salisbury screen, Jaumann screen, Dallenbach layer 
and Circuit analogue absorbers (CCA) and different FSS-based absorbers 
are particular cases of the represented stratified structure.  
 
Absorbers comprising a single high-lossy layer in front of a 
ground plane are known as Dällenbach layer [3]. Several 
materials with different chemical properties can be employed 
for this design but the final goal is to obtain that the 
imaginary portions of the electric permittivity and the 
magnetic permeability are adequately tuned to achieve the 
desired absorption. Frequency Selective Surfaces (FSSs), that 
are planar periodic arrays formed by the repetition of scatters 
with an arbitrary geometry, can also profitably be employed 
to design both narrowband and wideband electromagnetic 
absorbers. Narrowband absorbers can be synthesized having 
thickness much thinner than a quarter wavelength by 
exploiting the capacitive behavior of the FSS impedance. 
Ultra-narrow band configurations are also known as perfect 
metamaterial absorbers because of their very angularly stable 
absorption behavior at a single wavelength. Single layer 
employing resistive FSSs can be designed to achieve 
wideband absorption with a reduced thickness. This 
configuration, also known as Circuit Analog (CA) absorber, 
can be considered an extension of the Salisbury screen [4], 
[5]. Stacking an increasing number of capacitive FSS layers 
[6]–[8] is also a powerful method to improving absorbing 
performance of classical Jaumnan configuration.  
Applications of absorbing materials span from their use as a 
fundamental building block in designing novel devices such 
as power imaging devices [9], photodetectors, 
microbolometers [10], [11] phase modulators [12] or 
frequency selective emitters [13], [14] and their employment 
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in a wide range of scenarios for improving the performance of 
existing technologies. Some key applications across 
microwave frequencies are the reduction of radar signature of 
targets [15]–[19] and the reduction of electromagnetic 
interference (EMI) in complex scenarios. While the former 
application is mainly related to radar counter measurement, 
the latter is of particular interest for the electromagnetic 
compatibility community. Improving electromagnetic 
compatibility implies, for example, reducing radiation from 
nearby reflecting objects that can cause spurious signals 
(multipath reduction), minimize mutual coupling between 
closely placed antennas, reducing harmful effects due to 
cavity resonance in enclosed monolithic microwave 
integrated circuits (MMIC) circuits [20], [21], mitigating the 
effect of apertures in metallic cavities [22] and attenuating 
surface waves [23]–[26]. Avoiding multiple reflections is, for 
instance, strategic for achieving a correct reading in Radio 
Frequency Identification (RFID) [27].  
Electromagnetic absorbers design is usually driven by the 
concept of impedance match to free space. When the absorber 
fulfills this condition, the impinging electromagnetic waves 
do not find any impedance discontinuity when they encounter 
the absorbing layer and thus electromagnetic energy is 
converted into heat. However, when absorbers are employed 
for damping cavity resonances or absorbing surface waves, 
the matching approach is not appropriate. In those scenarios, 
it is necessary to analyze and solve the dispersion equation 
trying to maximize, via the use of the most suitable absorbing 
layer, the attenuation factor of the supported mode [20], [25].  
The paper is organized as follows. In the next section the 
matching approach to absorb electromagnetic waves is 
introduced. In section III the absorbing configurations are 
briefly introduced. In section IV, some guidelines to obtain 
wideband behaviors are presented. Section V is dedicated to 
the comparison of the absorbing performance among the 
presented configurations. Finally, the problem of damping 
cavity resonances is addressed in section VI.  
II. PLANE WAVE ABSORPTION: MATCHING APPROACH 
Electromagnetic absorbers can be efficiently analyzed by 
using the equivalent transmission-line (TL) method [28]. 
When a plane wave impinges upon the surface of the 
absorber, normally or obliquely, the amount of reflected 
power is determined by the mismatch between free space and 
absorber impedance. For absorbing surfaces backed by an 
impenetrable surface there is not transmitted energy and, as a 
consequence, the power that is not reflected, is dissipated in 
the lossy structure. The magnitude of the reflection 
coefficient of generic absorbing surface reads: 
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where Zin_ABS and 0 represent the input impedance of the 
absorbing structure and the characteristic impedance of free 
space for TE or TM polarization, respectively. For a lossless 
structure, the real part of the input impedance is null and the 
reflection coefficient magnitude always equals the unity. As 
lossy substrates or lossy surfaces are employed in the design, 
the real part of the input impedance Zin_ABS decreases. The 
losses can be introduced in the dielectric substrate (dielectric 
losses) or in a surface (ohmic losses). The former is the case 
of the Dallenbach layer absorbers [29]–[31] and the latter is 
the case of Salisbury, Jaumann or CCA absorbers [8], [32]–
[34]. In order to achieve a good absorption level at a single 
frequency or over a wide frequency band, it is necessary to 
create one or more resonances where the imaginary part of 
the input impedance is zero. At the same time, the real part 
should be matched to the free space impedance which is 
equal to 0/cos(θ) and 0cos(θ) for TE and TM polarization, 
respectively (θ represents the incident angle). 
The design of the absorber can be accomplished by obtaining 
a closed form expression of both the real and imaginary parts 
of the input impedance of the absorber [34]–[37] and then 
imposing the following conditions: 
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Another approach consists in solving the analytic 
transmission line relations representing the input impedance 
of the absorber through a parametric graphical solutions [30], 
[38]. The least-elegant one, but sometimes sufficient, is the 
use of an iterative or evolutionary optimization algorithm 
without resorting to the analysis of physical phenomena 
under investigation [39], [40].  
The input impedance of a generic single layer or 
multilayer absorbing structure, is computed with classical 
transmission line approach eventually connecting lumped 
purely real (in case of resistive sheets) or complex 
impedances (in case of periodic surfaces) in parallel 
according to the model depicted in Fig. 1. 
III. ABSORBING CONFIGURATIONS 
In this section, we briefly introduce the classical absorbing 
configurations and more recent designs based on Frequency 
Selective Surfaces (FSS). 
a) Dallenbach layer 
The use of a single lossy substrate backed by a ground 
plane is the simpler strategy to achieve absorption of 
electromagnetic waves. Most of the commercially available 
absorbing materials are designed by using this approach 
[41], [42] because of its mechanical robustness. Usually 
magnetically loaded, silicone rubber materials or low-loss 
dielectric foam or resins are employed by industry. The use 
of magnetic materials brings reduced thickness and wide 
absorption bands but the improvements are counterbalanced 
in terms of weight and cost. A magnetically loaded panel of 
dimensions 30 cm × 30 cm weighs around 1 kg. From a TL 
point of view, the input impedance of the single absorbing 
layer is represented by a short-circuited transmission line:  
  , , 1 1_ 1 tan
TE TM TE TM
zin ABSZ jZ k d               (3) 
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If the absorber is made by more than one layer, the 
transmission lines are cascaded by using standard 
transmission line theory [43]. The minimization of (3), at a 
single frequency or over a wide band, can be addressed via a 
parametric analysis or an optimization algorithm. However, 
it is important to highlight that it is not possible to 
manufacture materials with an arbitrary value of dielectric 
permittivity and magnetic permeability over a wide 
frequency range because of physically dispersive behavior 
of natural materials. For this reason, the design optimization 
process is usually constrained within a set of realistic 
materials, preliminarily characterized [44], [45]. 
b) Salisbury screen 
The Salisbury screen is a well-known absorbing 
configuration composed by a resistive sheet on top of a 
metallic plane [35]. It is based on a simple assumption, that 
is, the input impedance of the absorber is determined by the 
surface resistance of the resistive sheet, if the resistive sheet 
is accommodated a quarter wavelength apart from a ground 
plane. Indeed, the input impedance of the absorber is given 
by the parallel connection between the input impedance of 
the grounded substrate (which tends to infinite at a distance 
of a quarter wavelength from a ground plane) and the 
resistive impedance of the sheet. Being a resonant 
configuration, the operating bandwidth is limited around the 
resonance frequency.  
c) Jaumann screen 
Jaumann screen can be viewed as an extension of the 
Salisbury absorber having resistive sheets placed at a 
distance of a quarter wavelength from each other [29]. An 
important characteristic of the layers is that their sheet 
resistance must be gradually increased while moving away 
from the ground plane. In this way, the electromagnetic wave 
gradually penetrates inside the absorbing structure 
encountering a low reflection in the outer layers of the 
structure. For this reason the Jaumann absorber can be also 
seen as a graded absorber [46]. This configuration can be 
employed to design wideband absorbers. The larger are the 
number of layers, the wider is the obtained bandwidth. 
Apparently, bandwidth enlargement has a counterpart in 
terms of thickness and thus of mechanical robustness. 
d) Absorbers based on FSSs 
Periodic surfaces or frequency selective surfaces are also 
largely employed in the literature to design electromagnetic 
absorbing surfaces [4], [8], [33], [34], [47]–[50]. The added 
value of FSS with respect to simple resistive sheets is that 
the impedance of a periodic surface is not purely real but 
complex. This reactive part can be efficiently exploited to 
generate additional resonant behaviors in the stratified 
structure. A simple layout allowing the synthesis of both 
ultra-narrowband, narrowband, wideband electrically-thin 
absorbers is the Artificial Impedance Surface (AIS) which 
comprises an FSS with suitably shaped periodic elements on 
top of a thin grounded low-loss dielectric slab. 
 
 
Fig. 2 – .Layout of a single layer artificial impedance surface.  
 
The layout of this absorber, which is shown in Fig. 2, can 
be seen as an evolution of the classical Salisbury screen and, 
similarly to it, it does not employ magnetic materials being 
characterized by a very low weight. The AIS can be seen as a 
parallel LC circuit [51] at the fundamental resonance: it 
resonates when the capacitive impedance value of the FSS 
assumes the same value of the inductive impedance of the 
grounded substrate but with opposite sign.  
Absorption from the AIS surface is achieved if the 
substrate and/or the FSS are characterized by a suitable 
amount of losses and a proper thickness. Indeed, the real part 
of the input impedance needs to be matched to the free space 
impedance at the resonance. The input impedance of a lossy 
AIS, at the fundamental resonance, can be computed in an 
approximate closed form [36]. The imaginary part of the 
input impedance Zin_ABS crosses the zero and the real part 
reads [36], [37]:  
 
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where RO and RD takes into account dielectric and ohmic 
losses due to the lossy FSS and Zd is the input impedance of 
the low-loss grounded substrate as defined in (3). The 
expression in (4) contains all the degrees of freedom of the 
single resonant AIS absorber: it is a function of the FSS 
reactance (inside RD), of the electrical substrate thickness 
(inside Zd) and of the real and imaginary part of the dielectric 
permittivity (inside RD and Zd). 
Depending on the prevalent nature of losses (they can be 
ohmic if the FSS is lossy or dielectric if the substrate is 
highly lossy and the FSS is metallic) a classification of 
absorbing configurations can be defined [52]: 
• D OR R : Ohmic losses negligible with respect to 
dielectric losses. Metallic FSS printed on an extremely 
thin low-loss dielectric slab. This structure is frequently 
referred to as perfect metamaterial absorber because of its 
peculiarity of absorbing impinging electromagnetic 
waves from all angles in a very small bandwidth. 
• D OR R : Both ohmic and dielectric losses contribute to 
absorption at the resonance. The structure is typically 
narrowband. 
• O DR R : Ohmic losses are predominant. It is typically 
the case of FSSs made with resistive materials. The 
structure is typically wideband or ultra-wideband if a 
multilayer capacitive FSS configuration is adopted [8]. .  
Lossy surfaces can be synthesized either by employing 
resistors in each unit cell of the periodic surface on a metallic 
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surface [53]–[55] or by printing periodic shapes using 
resistive inks [34].  
IV. SYNTHESIS OF ABSORBERS EMPLOYING FSSS  
As previously remarked, synthesis of narrowband 
absorbers by employing the AIS surfaces can be achieved 
when the inductive input impedance of the grounded 
substrate and the capacitive FSS impedance have the same 
value but opposite signs and, at the same time, a suitable 
amount of losses are included in the structure. If the AIS 
surface is suitably designed, an additional resonance can be 
introduced in order to drastically enlarge the operating 
bandwidth. The second resonance is obtained if the 
capacitive impedance of the grounded substrate (thicker than 
a quarter wavelength) will be equal to the inductive 
impedance of the FSS (after its proper resonance). At the 
center of the operating band the input impedance of the 
substrate tends to infinite and the FSS impedance can be 
designed to have a purely real impedance with zero 
imaginary part. The optimal surface resistance can be 
derived from the equivalent circuit model [34], [56]. The 
working principle of the structure can be easily understood 
by tracing the impedance curves on a Cartesian plot as 
shown in Fig. 3a.  
 
 
(a) 
 
 
(b) 
Fig. 3 – .(a) Impedance behavior of a single layer FSS absorber. (b). Input 
impedance at various level of the stack up both for Jaumann screen and for 
capacitive circuit absorber (CCA). The capacitive impedance of the FSS 
allows to strongly enlarge the absorption bandwidth at low-frequencies.  
 
If multiple FSS layers are stacked on top of each other with a 
configuration similar to the Jaumann absorber (uniform 
resistive sheets are replaced by the FSSs layers), ultra-
wideband absorbers can be also obtained. In the design of 
ultra-wideband absorber, the unit cell periodicity should be 
small enough to avoid the propagation of grating lobes 
(additional propagation directions [33]) at the highest 
absorption frequency. For this reason, sub-wavelength low-
pass arrays are employed instead of the conventional 
resonating FSS elements [7], [8]. The low-pass arrays have 
capacitive impedance over the whole frequency band and, 
when they are made of resistive materials, they can be 
modeled by series RC circuits over the entire frequency band 
of interest. Capacitive circuit method is also powerful in the 
optimization of oblique incidence since patch arrays can be 
modeled accurately for different incident angles and 
polarizations [57]. Another important parameter in designing 
absorbers for oblique angle of incidence is to employ proper 
dielectric layers since they can provide scan compensation, 
bandwidth increase and frequency response stabilizations 
[6]. In order to understand the effect obtained by replacing 
the resistive sheets typical of Jaumann configuration with 
arrays of resistive patches, the impedance of both the 
Jaumann absorber and the capacitive circuit absorber (CCA) 
are analyzed. A simple dual layer structure is considered for 
simplicity. The impedances at various interfaces are reported 
in Fig. 3b. It is apparent that the imaginary part of the FSS 
impedance allows introducing an additional parallel 
resonance thus improving the smoothness of the imaginary 
part of the absorber input impedance. This allows improving 
the low frequency behavior of the multilayer.  
V. COMPARISON BETWEEN ABSORBING CONFIGURATIONS 
Narrowband configurations are initially discussed. The 
typical reflection performance of previously mentioned 
configurations are reported in Fig. 4.  
 
 
Fig. 4 – .Reflection coefficient of four different narrowband absorbing 
configurations. Absorbers employing FSSs and magnetic loaded (Eccosorb) 
are thinner than a quarter wavelength.  
 
Metamaterial absorbers employing metallic FSS can be made 
arbitrarily thin by presenting very good absorption 
performance at the resonant frequency. This absorption 
profile is also very stable with the incident angle. The 
absorption bandwidth is strongly dependent upon substrate 
thickness and magnetic permeability [58]. For this reason, 
magnetic loaded absorber (for instance Eccosorb SFU10) 
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guarantees a large bandwidth with a small thickness. 
Salisbury is the most wideband among the reported 
configurations, but it is one of the thickest one since it 
resonates with a quarter-wavelength substrate. 
 
(a) 
 
(b) 
Fig. 5 – .(a) Reflection coefficient of a 5 mm Salisbury screen compared 
with a 5 mm AIS absorber employing an array of resistive loops. (b). 
Reflection coefficient of a 12 mm Jaumann screen compared with a 12 mm 
Capacitive Circuit Absorber (CCA) employing an array of resistive patches. 
Parameters of Jaumann and CCA are the same: d1= d2=d3=4mm εr1=1; εr2= 
εr3=2. Rs1=150 Ω/sq., Rs2=500 Ω/sq. 
 
In order to compare the performance of Salisbury and 
Jaumann configurations with those employing periodic 
surfaces, the following structures are compared: 
• a λ/4 Salisbury screen with 5mm air substrate is 
compared with an AIS absorber with the same thickness 
employing an array of resistive loops having a surface 
impedance of 70 Ω/sq; 
• a Jaumann screen composed by 3 dielectric substrates of 
4 mm (total thickness of 12 mm) with two resistive sheets 
in between is compared with a capacitive circuit absorber 
having the same dielectric stack up. The only difference 
is that the uniform resistive sheets are replaced by two 
arrays of patches characterized by the same surface 
resistance. 
The reflection coefficient achieved with the 
aforementioned configurations are reported in Fig. 5. It is 
apparent that the presence of the FSS layer helps in 
increasing the absorption without impacting the total 
thickness and leaving the stack up unaltered.  
The main objective in the design of an absorber is to get 
the largest possible bandwidth with a small thickness. 
Rozanov has shown that, for any metal-backed absorber, the 
infinite integral of the reflectance is bounded under certain 
conditions [58]. According to [58] the minimum thickness 
for achieving a certain absorption profile R, is given by: 
 
 
0
2
 
2r
ln R d
d
 
 



                          (5) 
where λ is the wavelength in free space and µr is the static 
permeability of the layer. The minimum possible thickness 
can be used as a parameter to judge the efficiency of a design 
method. Some of the above analyzed configurations are 
compared against the minimum theoretical thickness 
calculated according to (5). The integral in (5) is computed 
by considering the actual profiles shown in Fig. 5. The results 
are summarized in Table 1.  
 Table 1 - Electrical and geometrical parameters of the analyzed 
wideband and ultra-wideband absorbing structures. The physical limit is 
computed according to (5). 
Configuration 
A: 
Thick-
ness 
[mm] 
B: 
Rozanov 
Limit 
[mm] 
Physical 
limit/ 
thickness 
(A/B*100) 
Bandwidth %  
(-15 dB) 
2(fmax-fmin)/ 
(fmax+fmin) 
Salisbury 5 4.4 88 45.4 
FSS (1 layer) 5 4.48 89.6 97.1 
Jaumann  
(2 layers) 
12 10.68 89 111.9 
Capacitive 
FSS (2 layers) 
12 11.05 92.1 140.2 
VI. ABSORPTION OF CAVITY MODES: DISPERSION EQUATION 
APPROACH 
Many circuits, especially monolithic microwave integrated 
circuits (MMIC), are accommodated in metal packages to 
provide mechanical support, power routing, signal 
distribution, thermal dissipation and shielding. However, 
these cavities support resonant modes at the frequencies 
where circuits operates. Resonant modes have usually a very 
high quality factor Q and even a very loose coupling between 
the circuit and these modes can disturb circuit operation. 
Microwave-absorbing materials are a demonstrated and 
viable method for damping cavity modes. The energy is 
usually attenuated with lossy magnetic introduced into the 
cavity [21].  
 
 
Fig. 6 – Three dimensional sketch of a resonance cavity loaded with a 
magnetic lossy substrate and it equivalent transmission line.  
 
However, it has to be noted that microwave absorbers based 
on organic materials, such as silicon rubber, outgas 
significant amount of hydrogen which could compromise the 
reliability of the MMIC enclosed within the package [59]. 
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Absorbing materials with resistive sheets do not pose 
reliability problem for the circuits.  
The previously introduced approach based on impedance 
matching is not appropriate to face the problem of cavity 
resonance attenuation. Indeed, in this case, absorbers should 
be designed to attenuate guided modes not plane waves.  
The problem can still be faced by using the transmission line 
equivalent and deriving the dispersion equation of the cavity 
loaded with a lossy dielectric slab. Let us consider the 
rectangular cavity reported in Fig. 6. We impose the 
continuity of the voltages and currents at a generic interface 
[60], thus the sum of Zup and Zdown equal to zero: 
     , ,1 1 11 0tan tan 0
TE TM TE TM
z zZ k d Z k h d        (6) 
where  0
TE
l rZ    ;  0
TM
l rZ     are the 
characteristic impedances of the slab for TE and TM 
polarization, 2 2
0 ( , )zl r r t m nk k k    is the propagation 
constant along the normal unit of the slab of the lth layer and 
2 2
( , )t m n
n m
k
a b
    
    
   
is the transverse wavenumber within 
the cavity. Solving the dispersion equation (6) allows to 
calculate the resonance frequencies of the loaded cavity. In 
presence of lossy materials, the resonance frequencies are 
complex (ωr+jωi) and the imaginary part of them represents 
the damping factor of the specific mode. As a consequence 
the quality factor of the mode can be estimated as [20]: 
 
2
r
i
Q


                                       (7) 
Considering that both εr and μr are complex numbers, it is not 
possible to solve the transcendental equation in a closed form 
but it is possible to find the resonance frequencies 
numerically. In the presence of high lossy materials, the 
solutions are in the complex plane far from the real axis. For 
this reason the roots are searched iteratively by increasing 
losses gradually [61]. 
  
(a) (b) 
Fig. 7 – Quality factor of the TM110 mode of the cavity loaded with lossy 
magnetic material (a) low-loss dielectric slab covered by a resistive sheet.  
 
As a practical example, a realistic cavity (a=200 mm, b=100 
mm, h=50 mm) is considered. The fundamental mode for 
this cavity is the TM110 (we are considering propagation 
along z direction). The unloaded Q factor of the mode is 
above 2000. The cavity is then loaded with a lossy substrate 
of 3 mm. The new Q-factor is computed according to (7) by 
varying both the real and the imaginary part of magnetic 
permeability. The same analysis is carried out by loading the 
cavity with a 3 mm thick low-loss dielectric substrate 
covered by a resistive sheet. The new Q factors are found as 
a function of the relative dielectric permittivity of the 
substrate and of the surface resistance of the resistive sheet. 
The results of both of the analyses are reported in Fig. 7. It is 
apparent that the loading with magnetic lossy materials is an 
effective mean to damping cavity resonance. However, also 
the use of a resistive sheet allows to drastically reduce the 
field within the cavity without using magnetic substrates. 
VII. CONCLUSIONS 
Classical absorbing configurations and FSS-based absorbers 
have been discussed and compared. The latter configuration 
can provide ultra-narrow band absorbers (metamaterial 
absorber), narrowband, wideband (artificial impedance 
surface absorbers) and ultra-wideband behavior (capacitive 
circuit absorber) with better performance with respect to the 
classical Salisbury and Jaumann configurations. The 
problem of cavity resonance reduction is also addressed 
showing that resistive sheets can be employed to damping 
cavity resonances as a valid alternative to magnetic 
materials.  
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